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HIGHLIGHTS 


►  The  LiMn204  thin  film  was  prepared  by  electrodeposition  and  sintering  method. 

►  The  particle  size  of  LiMn204  thin  film  is  ca.  50  nm 

►  For  the  preparation  of  nanoparticle,  it  does  not  need  any  special  equipment. 

►  The  LiMn204  thin  film  has  good  electric  contact  with  substrate. 

►  Thinner  LiMn204  films  showed  superior  rate  performance  and  good  stability. 
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The  LiMn204  thin  films  composed  of  nanoparticles  were  synthesized  by  sintering  electrodeposited 
Mn304  precursor  on  the  Au  substrate,  and  the  electrochemical  properties  were  investigated.  The  elec¬ 
trochemical  performance  was  dependent  on  the  film  thickness.  For  the  thinner  LiMn204  films,  cycling  in 
the  voltage  range  of  4.3  V-3.4  V  resulted  in  superior  rate  performance,  that  is  almost  100%  of  discharge 
capacity  compared  with  that  at  20  times  of  discharge  current  density,  and  good  stability  without  capacity 
loss  until  500  cycles.  CV  and  EIS  measurements  revealed  that  LiMn204  thin  film  has  good  electric  contact 
with  substrate  and  high  lithium  diffusion  coefficient  of  10~9— 10-11  cm2  s  1  could  be  obtained. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  lithium  ion  thin  film  batteries  attracted  much  interest 
to  the  application  for  the  back  up  power  sources  of  microelectronic 
devices  and  micromechanics  such  as  smart  card,  sensor  technology, 
computer  memory  chip  and  so  on.  Among  the  cathode  materials, 
LiMn204  is  the  promising  candidate  for  the  thin  film  battery, 
because  the  feature  of  low  cost,  environmentally  benign  and  has  3D 
frame  work  that  benefits  for  the  Li  ion  diffusion  [1,2],  The  synthesis 
techniques  of  LiMn204  thin  films  have  been  reported  by  many 
groups,  such  as,  sol-gel  method  [3,4],  electrostatic  spray  deposi¬ 
tion  (ESD)  [5,6],  radio  frequency  (r.f.)  magnetron  sputtering  [7,8] 
and  pulse  laser  deposition  (PLD)  [9,10],  Usually,  good  electro¬ 
chemical  performance  obtained  by  the  LiMn204  thin  film 
composed  of  nanoparticle,  because  small  particle  size  leads  short 
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lithium  ion  diffusion  length  and  large  surface  reaction  area.  For 
example,  the  LiMn204  thin  film  synthesized  by  PLD  method  that 
composed  of  extremely  small  particle  (10—30  nm)  maintained 
almost  the  same  shape  of  discharge  curve  in  the  discharge  rate 
range  between  36  C  and  720  C  [11].  However,  controlling  the 
particle  size  to  the  nanometer  level  often  needs  vacuum  deposition 
condition  like  r.f  sputtering  or  PLD  method,  which  directly  raises 
the  cost  of  fabrication. 

Electrochemical  deposition  is  another  way  to  synthesis  of  thin 
film  with  the  advantage  of  low  synthesis  temperature,  low  costs, 
and  high  purity  in  the  product  [12,13].  This  method  also  enables 
rigid  control  of  film  thickness,  uniformity  and  deposition  rate. 
Moreover,  the  good  electric  contact  between  the  film  and  substrate 
is  expected,  because  the  product  directly  formed  on  the  substrate 
electrochemically.  For  example,  Manganese  dioxide  cathodes 
synthesized  by  electrodeposition  method  are  reported  to  show 
good  electrochemical  property  for  the  application  of  super  capac¬ 
itors  [14,15]  and  lithium  batteries  [16,17],  Recently,  our  group  re¬ 
ported  on  the  electrochemical  property  of  LiCo02  thin  film 
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consisted  with  nanoparticle  synthesized  by  electrophoretic  depo¬ 
sition  (EPD)  and  hydrothermal  treatment.  In  spite  of  the  low  cost  of 
fabrication,  the  LiCo02  thin  film  showed  reversible  charge- 
discharge  ability  even  at  400  C  discharge  current  [18], 

In  the  present  study,  LiMn204  thin  film  composed  of  nano¬ 
particle  is  attempted  to  synthesize  by  electrodeposition  of 
manganese  oxide  precursor  and  subsequent  sintering  treatment, 
and  its  electrochemical  properties  of  the  thin  film  were 
investigated. 

2.  Experiment 

Manganese  oxide  precursor  was  deposited  on  anode  Au 
substrate  in  the  potentiostatic  mode  with  an  Au  sheet  as  counter 
electrode.  The  pH  of  electrolyte  solution  containing  3  mol  L”1 
MnS04-5H20  (99%,  Kishida  chemical)  was  adjusted  to  be  2.3  by 
adding  H2SO4  acid  (98%,  Kishida  chemical),  under  flowing  oxygen 
gas.  Manganese  oxide  precursor  film  was  electrodeposited  on  the 
Au  substrate  (1  cm  x  1  cm  x  0.01  cm)  under  the  cathodic  polari¬ 
zation  of  1.7  V  by  oxidation  of  Mn2+  ion  in  the  solution  (kept  at 
40  °C).  The  film  thickness  was  changed  by  controlling  the  electric 
charge  flowed  (5,  10,  50°mili-coulomb)  under  the  control  of 
potentio-galvanostat  (Hokuto  HABF  501 ).  The  precursor  covered  ca. 
0.65  cm2  on  the  surface  of  Au  substrate.  Then  the  films  were  rinsed 
with  distilled  water,  dried  at  room  temperature  followed  by 
dipping  0.03  M  LiOH  (99%,  High  purity  chemical)  solution  on  the 
surface  of  the  films.  The  LiMn2C>4  thin  films  were  prepared  through 
sintering  manganese  oxide  thin  films  at  750  °C  for  12  h  under  air 
atmosphere.  The  three  as-prepared  LiMn2C>4  thin  films  with 
different  film  thickness  were  named  as  5  mC,  10  mC,  50  mC, 
respectively,  indicating  the  flowed  electric  charge  of  the  electro- 
deposited  precursor  hereafter. 

The  crystal  structure  of  the  thin  films  was  characterized  by  X-ray 
diffractometer  (Ultima  IV,  Rigaku)  using  Cu  Ka  radiation  and  laser 
Raman  spectrophotometer  (NSR-3300,  JASCO)  using  DPSS  laser  at 
the  wavelength  of  532  nm.  Electrochemical  quartz  crystal  micro¬ 
balance  (ECQCM)  controller  (HQ  101 D,  Hokuto)  was  employed  to 
measure  the  mass  of  the  precursor  by  directly  depositing  on  the 
gold  surface  (1.33  cm2)  coated  on  AT  cut  quartz  6  MHz  of  crystal. 
The  morphologies  of  thin  films  were  observed  by  the  scanning 
electron  microscope  (SEM)  (S-4800,  Hitachi).  For  electrochemical 
measurements,  LiMn204  thin  films  on  Au  substrates  were  assem¬ 
bled  in  HS  cell  (Hohsen)  with  lithium  metal  as  anode  and  1  M 
solution  of  LiPF6  in  EC:DEC  (3:7,  v/v)  as  the  electrolyte  solution.  The 
charge— discharge  and  CV  measurements  were  performed  on 
potentio-galvanostat  (Solartron  1280C).  The  electrochemical 
impedance  spectroscopy  (EIS)  measurement  was  carried  out  with 
an  impedance  analyzer  (Solartron  1255)  connected  to  potentiostat 
(Solartron  1280C)  over  the  frequency  range  from  106  Hz  to  10”2  Hz 
at  cell  voltage  with  the  applied  voltage  of  10  mV.  All  of  the  elec¬ 
trochemical  measurements  were  carried  out  at  25  °C. 

3.  Results  and  discussion 

X-ray  diffraction  patterns  for  precursor  and  LiMn204  thin  films 
were  shown  in  Fig.  1.  For  the  XRD  measurement,  the  manganese 
oxide  precursor  thick  film  was  deposited  with  flowing  250  mC  of 
electric  charge  in  order  to  increase  the  intensity  of  the  reflection. 
However,  only  indistinct  peaks  near  40°  and  42°  were  observed.  It 
might  be  due  to  the  extremely  small  particle  size  or  amorphous 
nature  of  the  precursor.  For  the  thin  films  reacted  with  LiOH  at 
750  °C,  three  reflections  appeared  at  18°,  40°,  42°  except  the 
reflection  of  the  Au  substrate.  The  small  reflection  at  18°  seems  to 
be  corresponding  to  the  111  reflection  of  spinel  LiMn204  (ICSD  No. 
40485),  but  other  reflections  of  spinel  were  too  weak  to  confirm. 
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Fig.  1.  The  XRD  patterns  of  the  precursor  and  LiMn204  thin  films  with  various  film 
thickness. 


The  two  sharp  reflections  at  40°  and  42° ,  roughly  agreed  with  MnC>2 
phase.  By  Scherrer’s  equation,  the  crystallite  sizes  of  the  LiMn204 
estimated  from  111  reflection  were  51.3,  55.7  and  52.3  nm, 
respectively.  This  result  suggests  that  as-synthesized  LiMn204  thin 
films  composed  of  nanoparticle  with  the  size  of  ca.  50  nm,  and  the 
particle  size  was  independent  from  the  electrodeposition  time  and 
thickness  of  precursor.  Although  the  size  of  the  LiMn2C>4  nano¬ 
particle  obtained  in  this  method  was  slightly  bigger  than  20-30  nm 
[11]  compared  with  that  synthesized  by  pulsed  laser  deposition 
method,  it  is  much  smaller  than  that  of  synthesized  by  other  usual 
preparing  roots,  100—200  nm  for  sol— gel  method  [4],  200  nm  for 
laser  spark  atomizer  method  [19]  or  10  pm  for  electrostatic  spray 
deposition  method  [20],  In  general,  nano  sized  particle  of  the 
cathode  thin  film  leads  short  Li+  diffusion  length  and  large  surface 
area  to  facilitate  lithium  diffusion  in  the  host  phase,  so  the  LiMn204 
thin  film  prepared  by  sintering  electrodeposited  precursor  is  ex¬ 
pected  to  derive  high  rate  charge— discharge  performance. 

The  Raman  spectra  of  the  precursor  on  Au  that  electrodeposited 
by  flowing  5, 10  and  50  mC  are  shown  in  Fig.  2(a).  For  the  precursor 
of  50  mC,  a  significant  peak  at  656  cm-1  and  three  smaller  peaks  at 
309,  362,  478  cm-1  are  indexed  for  the  spinel  structure  of  Mn304 
with  good  agreement  to  the  literature  data  [21,22],  Absence  of 
Mn304  reflection  in  the  XRD  pattern  of  the  precursor  indicates  that 
the  Mn3C>4  electrodeposited  on  the  Au  substrate  is  amorphous 
state.  Two  weak  bands  at  510  cm-1  and  569  cm”1  were  near  the 
signals  attributed  to  Mn— O  lattice  vibration  in  Mn02  [21],  The 
presence  of  MnC>2  in  the  precursor  phase  is  consistent  with  the 
result  of  XRD  measurement.  Although  the  peak  intensity  of  Raman 
spectra  was  weaken  seriously,  the  similar  pattern  also  observed  in 
the  precursor  of  5  and  10  mC  Fig.  2(b)  displayed  the  Raman  spectra 
of  the  thin  film  reacted  with  LiOH  at  750  °C.  All  of  the  three  thin 
films  represented  the  same  pattern  with  the  similar  peak  intensity. 
The  strongest  band  located  at  623  cm”1  and  two  weak  bands  at 
576  cm”1  and  480  cm”1  in  accordance  with  the  A\g  and  F2g  modes 
of  spinel  LiMn204  [23],  Based  on  the  XRD  and  Raman  spectra,  it  is 
demonstrated  that  amorphous  Mn304  and  a  little  amount  of  Mn02 
with  low  crystallinity  were  electrodeposited  on  the  Au  substrate 
according  to  the  reactions  (1)  and  (2). 

3Mn2+  +  4H2O  =  Mn304  (amorphous)  +  8H+  +  2e”  (1) 

Mn2+  +  2H20  =  Mn02  +  4H+  +  2e”  (2) 

In  the  sintering  stage  at  air  atmosphere,  Mn304  reacted  with 
LiOH  to  form  LiMn204  though  the  Mn02  remained  as  impurity  and 
its  crystallinity  increased.  Absence  of  other  bands  attributable  to 
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Fig.  2.  The  Raman  spectra  of  (a)  precursor  and  (b)  LiMn204  thin  films  with  various  film  thickness  on  Au  substrate. 


M113O4  or  M11O2  precursor  in  Fig.  2,  indicates  that  the  thin  films 
mainly  consist  of  LiMn204  nanoparticle  and  contain  just  a  little 
amount  of  Mn02  as  impurity. 

The  mass  of  the  precursor  films  with  various  thickness  was 
carefully  measured  by  QCM  method.  In  order  to  obtain  the  film 
with  same  thickness,  2  times  of  electric  charge,  10,  20,  and  100  mC 
was  flowed  due  to  the  twice  area  of  gold  surface  on  crystal 
(1.33  cm2)  of  the  each  sample  (0.65  cm2)  for  the  electrochemical 
measurement.  The  mass  of  manganese  oxide  precursor  was 
calculated  by  Sauerbrey  Eq.  (3): 


(3) 

As/W 

Where  /o  is  resonant  frequency  (Hz),  A f  is  frequency  change  (Hz), 
Am  is  mass  of  deposited  precursor  (g),  A  is  active  crystal  area 
(1.33  cm2),  p  is  density  of  quartz  (2.648  g  cm-3),  fi  is  shear  modulus 
of  quartz  for  AT-cut  crystal  (2.947  x  1011  g  cm-1  s-1).  We  presumed 
that  precursor  film  is  composed  of  Mn3C>4,  and  reacts  with  LiOH  to 
form  LiMn2C>4  with  100%  efficiency.  The  thickness  of  the  thin  film 
was  roughly  estimated  from  theoretical  density  of  LiMn2C>4 
(4.3  g  cm-3).  The  obtained  mass  and  thickness  were  shown  in 
Table  1.  Very  thin  films  were  obtained  for  5  and  10  mC  sample  with 
the  thickness  of  ~10  and  ~20  nm.  This  very  small  film  thickness 
will  contribute  in  decreasing  in  the  resistance  that  will  benefit  for 
the  acceleration  of  lithium  (de)  intercalation.  The  mass  of  electro- 
deposited  precursor  was  proportional  to  the  flowed  electric  charge 
with  the  rate  of  0.56  pg  mC-1. 

Fig.  3  showed  the  surface  morphologies  of  5,  10,  and  50  mC 
samples  observed  by  SEM.  For  the  5  mC  sample  shown  in  Fig.  3(a), 
it  was  observed  that  very  uniform  thin  films  are  covering  on  Au 


substrate  surface.  As  deposition  time  increase,  the  thin  film 
become  thicker  and  denser  as  shown  in  Fig.  3(b)  and  (c).  In  addi¬ 
tion,  some  aggregates  of  LiMn204  nanoparticles  are  distributed  on 
the  surface  of  50  mC  sample.  These  aggregates  could  hinder  the 
smooth  diffusion  of  Li+  and  increase  the  resistance  of  thin  film. 

The  high  rate  discharge  performance  of  LiMn2C>4  thin  films  with 
various  film  thickness  was  shown  in  Fig.  4.  The  charge-discharge 
experiments  performed  with  charge  current  of  10  pA  and 
discharge  current  of  10, 100,  200  and  300  pA  cm-2  at  the  voltage 
range  of  3.5  V— 4.3  V.  In  Fig.  4(a— c),  two  clear  plateaus  are  appeared 
at  4.16  V  and  4.0  V  in  the  discharge  curves  plotted  at  discharge 
current  of  10  pA  cm-2  for  the  three  samples.  These  two  plateaus 
were  characteristic  to  redox  progress  of  LiMn2C>4  [24],  The  rela¬ 
tionship  between  discharge  capacity  retention  and  current  density 
was  plotted  in  Fig.  4(d).  It  should  be  mentioned  that  the  capacity 
measured  at  low  rate  was  a  little  higher  than  the  maximum  value 
for  the  5  mC  and  10  mC  sample,  but  it  is  a  reproducible  phenom¬ 
enon.  A  similar  behavior  was  reported  by  Rougier  et  al.  [25],  and 
they  explained  that  it  was  probably  due  to  the  interference  from  the 
interface  between  the  film  and  current  collector.  Nevertheless,  the 


Table  1 

The  mass  of  the  precursor  and  LiMn204  thin  film  and  estimated  thickness. 
_ fo  (Hz)  /M0  (Hz)  A/(Hz)  Am  (pg)  M^ofpg)  T(nm) 

10  mC  5966396.942  5966124.267  272.675  4.458  2.968  9.26 

20  mC  5971099.213  5970430.051  669.162  10.940  9.046  22.70 

100  mC  5965172.500  5961761.095  3411.405  55.775  46.123  115.90 

*The  density  of  LiMn204  was  estimated  at  4.3  g  cm3.  The  f0,  /M o,  Af,  Am,  Mlmo,  T 
represent  resonant  frequency  of  crystal  electrode,  frequency  of  crystal  electrode 
deposited  by  manganese  oxide  precursor,  frequency  change,  mass  of  deposited 
precursor,  mass  of  estimated  LiMn204,  thickness  of  LiMn204  thin  film,  respectively. 
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Fig.  3.  SEM  images  of  surface  morphology  for  (a)  5,  (b)  10,  (c)  50  mC  samples. 
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5  mC  and  10  mC  showed  excellent  high  rate  discharge  perfor¬ 
mance:  104%  and  98.2%  of  discharge  capacity  retained  when  the 
current  density  increased  from  10  to  300  pA  cm  2.  respectively.  The 
discharge  capacity  essentially  unchanged  from  10  pA  cm  2  up  to 
300  pA  cm-2  and  the  two  plateaus  still  can  be  observed  until  at  high 
current  density  of 300  pA  cm-2  for  the  5  and  10  mC  samples.  It  has 
been  widely  acknowledged  that  the  fade  of  the  discharge  capacity 
and  disappearance  of  plateaus  are  due  to  the  increasing  cell 
polarization  caused  by  lithium  diffusion  resistance  with  increasing 
in  current  density.  This  high  capacity  retention  would  be  attribut¬ 
able  to  the  small  particle  size  of  LiMn2C>4  thin  film  with  short  Li+ 
diffusion  distance.  For  the  thicker  film  of  50  mC  sample,  the 
discharge  capacity  was  gradually  decreased  to  76%  of  the  initial 
capacity  with  increasing  the  discharge  current  to  300  pA  cm-2  and 
two  plateaus  tend  to  indistinct  from  the  current  of  200  pA  cm'2. 
From  the  capacity  fading  of  50  mC  sample  with  the  similar  particle 
size  of  50  nm,  it  can  be  conformed  that  the  film  thickness  also  play 
important  role  in  high  rate  discharge  performance  in  the  case  of 
film  electrode  owing  to  the  increase  in  electric  resistance.  In 
addition,  the  lithium  intercalation/deintercalation  process  requires 
longer  time  to  reach  the  equilibrium  for  the  thicker  film  because 
larger  amount  of  materials  are  contained  than  thinner  films  [25].  In 
the  present  study,  thickness  of  the  films  with  5  mC  and  10  mC 
samples  estimated  from  the  theoretical  mass  of  LiMn2C>4  was  only 
9.26  nm  and  22.7  nm,  respectively.  This  theoretical  thickness  lower 
than  the  particle  size  suggests  the  rough  surface  of  the  film  and  this 
is  consistent  with  the  surface  SEM  image  shown  in  Fig.  3.  For  the 
further  investigation  of  the  high  rate  discharge  performance  of  the 
thin  films,  CV  measurements  were  carried  out. 

Fig.  5(a— c)  shows  the  cyclic  voltammogram  of  LiMn204  thin 
films  on  Au  substrates  with  various  thickness  recorded  at  the  scan 
rate  from  0.5  mV  s^1  to  20  mV  s_1.  The  location  of  two  peaks  on 


charge  and  discharge  are  corresponding  to  the  potential  of 
plateaus.  For  the  cyclic  voltammetry  plotted  under  the  scan  rate  of 
0.5  mV  s  ',  the  separation  between  a  pair  of  peaks  for  three 
samples  at  4.0  V  is  all  about  30  mV.  Previously,  our  group  reported 
that  the  epitaxial  LiMn204  thin  film  showed  very  small  peak 
separation  of  18  mV  at  the  scan  rate  of  1  mV  s_1  in  the  CV 
measurement  associating  to  very  low  surface  roughness,  small 
grain  boundary  and  ordered  orientation  [10],  Although  the  peak 
separation  of  the  LiMn204  prepared  in  this  work  is  a  little  bigger 
than  epitaxial  LiMn2C>4  thin  film,  small  ohmic  drop  in  discharge 
curves  and  the  high  electric  conductivity  of  the  thin  films  are 
deserved  for  further  electrochemical  measurements  [26]. 

It  is  well  known  that  the  change  in  peak  shape  with  scan  rate 
reflects  the  kinetics  of  Li+  intercalation/deintercalation  process. 
Well  resolved  reversible  peaks  both  in  the  cathodic  and  anodic  scan 
step  until  the  high  scan  rate  of  20  mV  s_1  indicate  good  reversibility 
even  at  high  rate  redox  reaction.  Progressive  shift  of  cathodic  peaks 
in  the  discharge  was  observed  with  increasing  scan  rate  v  as  well  as 
in  height.  The  relationship  of  peak  current  change  at  4.0  V  of 
cathodic  scan  (corresponding  to  the  plateau  region  at  4.0  V)  and  the 
scan  rate  was  in  Fig.  5(d).  For  the  thinner  films  of  5  and  10  mC 
samples,  the  cathodic  current  peaks  increased  in  almost  direct 
proportion  to  the  potential  sweep  rate  continued  to  20  mV  s-1.  This 
is  typical  behavior  for  the  equilibrium  at  the  intercalation  electrode 
[5].  Comparatively,  the  peak  current  increased  proportionally  to 
square  root  of  the  scan  rate  v1^2  for  the  50  mC  sample  when  the  scan 
rate  was  faster  than  10  mV  s_1,  as  shown  in  Fig.  5(d),  which  is 
characteristic  of  a  solid  state  diffusion  controlled  situation  [27], 
Based  on  a  square  root  linear  relationship  between  the  peak  current 
and  the  scan  rate  in  the  diffusion  controlled  region  (10—20  mV  s-1), 
diffusion  coefficient  of  Li+  into  the  50  mC  sample  can  be  estimated 
from  the  classical  Randles-Sevchik  equation  [28]  as  below, 
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/p  =  0A663FACR(^y2  (4) 

Where  /p  is  the  peak  current  (A),  Eis  the  Faraday’s  constant,  A  is  the 
surface  area  of  the  electrode  (cm2),  Cr  is  the  Li-ion  concentration,  n 
is  the  charge  transfer  number,  R  is  the  gas  constant,  T  is  the  absolute 
temperature  (K),  D  is  the  Li-ion  chemical  diffusion  coefficient 
(cm2  s-1),  and  the  v  is  the  scanning  rate  (V  s-1).  As  a  result,  the  Li 
ion  chemical  diffusion  coefficient  estimated  by  the  Eq.  (4)  is 
2.516  x  10-9  cm2  s-1,  which  is  higher  than  10-1°-10-11  cm2  s-1  for 
the  LiMn2C>4  thin  film  prepared  by  PLD  method  [23]  and 
4  x  10-1°  cm2  s-1  for  r.f.  sputtered  LiMn2C>4  films  [29],  According  to 
the  previous  reports,  the  chemical  diffusion  coefficient  Li+  ion  in 
LiMn2C>4  powder  (ca.  10-9  cm2  s-1)  [30]  is  higher  than  that  at  PLD  or 
r.f.-sputtered  LiMn204  thin  film.  The  difference  between  the 
powder  form  and  the  thin  film  prepared  by  physical  vapor  depo¬ 
sition  (PVD)  technology  was  reported  to  caused  by  the  difference  in 
static  disorder  or  short  chains  with  undistorted  16c-8a-16c  Li+  ion 
diffusion  pass  [23].  In  this  work,  the  electrodeposited  manganese 
oxide  precursor  was  sintered  at  elevated  temperature  with  LiOH  to 
form  LiMn2C>4  thin  film,  which  is  consisted  of  nanoparticle.  It  is 
considered  that  the  LiMn2C>4  thin  film  synthesized  by  electrode¬ 
position  and  subsequent  sintering  method  has  some  feature  of 
power  form,  including  high  Li+  ion  diffusion  coefficient.  Therefore, 
it  is  considered  that  the  high  diffusion  coefficient  and  short  diffu¬ 
sion  length  leaded  to  the  high  rate  discharge  capability. 

Li  ion  diffusion  coefficient  in  the  50  mC  sample  at  4.0  V  was  also 
estimated  from  electrochemical  impedance  spectroscopy.  Nyquist 
plot  in  the  frequency  range  of  106-10-2  Hz  was  shown  in  Fig.  6.  A 
semi-circle  in  high-middle  frequency  region  and  a  straight  line 
about  45°  slope  in  the  low  frequency  region  were  observed.  The 
semi-circle  in  the  high-middle  frequency  would  be  attributed  to 
charge-transfer  resistance  and  the  straight  line  is  attributed  to 
Warburg  region  that  related  Li+  diffusion  in  the  bulk  LiMn204  thin 
film  [26].  Therefore,  the  Nyquist  plot  can  be  fitted  using  equivalent 
circuit  that  composed  of  Rq :  bulk  resistance  of  electrode,  Rrt: 
charge-transfer  resistant,  Ca:  double-layer  capacitance,  Zw:  War¬ 
burg  impedance  as  shown  in  inset  of  Fig.  6.  The  agreement  of  the 
solid  line  indicates  the  good  fitting  result.  The  chemical  diffusion 
coefficient  can  be  estimated  from  Eq.  (5)  [31]: 
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Fig.  6.  The  Nyquist  plot  of  50  mC  sample  at  3.996  V  at  the  frequency  range  of  106- 
10~2  Hz  (inset)  the  relationship  between  I  and  w-1,2.  The  fitting  model  was  also 


Where  Vm,  F,  S,  a  and  dE/do  represent  molar  volume  of  LiMn204 
(cm3  mol-1),  The  Faraday’s  constant,  the  surface  area  of  the  elec¬ 
trode  (cm2),  Warburg  factor  and  slope  of  the  electrode  potential  E 
vs  composition  3  (V),  respectively.  The  Warburg  factor  a  can  be 
obtained  from  slop  of  real  impedance  Z'  and  frequency  w-1^2  that 
plotted  in  inset  of  Fig.  6.  The  diffusion  coefficient  DLi  calculated 
from  Eq.  (5)  is  1.49  x  10-11  cm2  s-1.  This  value  is  two  orders  lower 
than  the  result  of  CV  measurement.  In  this  case,  the  chemical 
diffusion  maybe  contains  some  error  due  to  the  unclear  Warburg 
region  (not  strictly  45°).  Nevertheless,  the  chemical  diffusion 
coefficient  of  10-9-10-11  cm2  s-1  denoted  high  rate  of  the  diffusion 
of  Li  ion  in  the  bulk  LiMn2C>4  thin  film. 

The  cyclability  of  LiMn204  thin  films  with  various  thickness  was 
shown  in  Fig.  7.  The  charge— discharge  was  carried  out  at  the 
voltage  range  of  4.3  V— 3.6  V  with  the  charge— discharge  current 
of  50  pA  cm-2.  It  should  be  noted  that,  the  thinner  films  of  5  and 
10  mC  samples  showed  superior  cycle  performance  without 
capacity  fading  during  500  cycles,  whereas  the  discharge  retention 
of  50  mC  sample  gradually  descend  to  31.22%.  As  was  reported 
by  Tang  et  al.  [32],  the  thinner  films  with  comparatively  lower 
crystallinity  may  be  able  to  endure  the  mechanical  stress  due  to  the 
volume  change  during  charge-discharge  process  and  show  good 
cyclability.  On  the  other  hand,  the  maximum  capacity  (135%)  was 
obtained  at  55th  cycle  for  10  mC  sample  at  relatively  low,  constant 
discharge  current,  while  the  5  mC  sample  retained  almost  100% 
discharge  capacity  from  the  first  cycle  as  shown  in  Fig.  7.  In  the  CV 
curves  (Fig.  5),  5  mC  and  10  mC  samples  showed  similar  peak 
current  although  the  different  amount  of  active  materials. 
Compared  with  5  mC  sample,  it  seems  that  the  10  mC  need  a  little 
long  charge-discharge  cycle  duration  to  reach  ‘fully  activated 
state’,  especially  at  high  discharge  current.  Unfortunately,  the  detail 
mechanism  was  uncertain,  but  it  maybe  due  to  two  reasons,  one  is 
the  interference  from  the  interface  between  the  film  and  current 
collector  [25],  the  other  is  the  existence  of  different  amount 
manganese  oxide  impurity  in  the  5  mC  and  10  mC  samples  that  can 
be  observed  at  XRD  patterns  at  Fig.  1. 

4.  Conclusion 

LiMn2C>4  thin  films  with  various  thickness  were  prepared  by 
sintering  electrodeposited  manganese  oxide  precursor  on  the  Au 
substrate.  The  LiMn2C>4  thin  films  composed  of  nanoparticles  with 
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the  size  of  50  nm  that  independent  from  film  thickness.  In  partic¬ 
ular,  thinner  film  derived  excellent  high  rate  performance  and 
cyclability.  Almost  100%  of  the  capacity  preserved  when  discharge 
current  density  is  raised  from  10  pA  cm  2  to  300  pA  cnT2  and 
showed  superior  cycle  performance  without  capacity  fading  during 
500  cycles.  From  the  CV  and  EIS  measurement,  it  is  confirmed  that 
the  LiMn204  thin  film  has  good  electric  conductivity  with  substrate 
and  high  lithium  diffusion  coefficient  of  10  9-lCr"  cm2  s-1. 
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